! by crystallography: dynamics can be investigated by NMR over a wide range of time scales (12) , from slow exchange where the two interconverting species are visible to fast motion using relaxation measurements. In the field of drug discovery (13) , chemical shift mapping provides information on which part of the protein is interacting with the ligand and NMR is very powerful at screening or optimizing hits. In conclusion, the ecological niche of NMR is nowadays not restricted to protein structure determination but covers a wider range of relevant information.
NMR parameters
A NMR spectrum can only be observed for nuclei that possess a net spin. In this respect, the most abundant nucleus in protein, hydrogen, is well suited as its most abundant isotope ( 1 H) has spin ½. In contrast, carbon, nitrogen and oxygen are not easily visible by NMR, at least for their most abundant isotope ( 12 C, 14 N and 16 O). We will discuss later in this review how to enrich the protein with isotopes ("isotope-labeling") such as 13 C and 15 N.
While these strategies were very expensive two decades ago, uniform or selective labeling is now cost-effective.
NMR experiments are carried out in a static magnetic field B 0 (several Tesla) aligned conventionally along the +z axis. As a result of this field, the space is no longer isotropic and all interactions experienced by the spins will depend upon the orientation of the molecule with respect to the magnetic field B 0 . In mathematical terms, the anisotropic NMR interactions are described by second-rank tensors or 3×3 matrices. However, in liquid state NMR, the molecule under investigation is rotating freely with a correlation time τ c (1-50 ns) much smaller than the acquisition time: if this rotation is isotropic, all interactions will average out and only the isotropic component will be observed. This explains the sharpness of resonance typically seen in solution NMR spectra as compared to solid-state spectra.
Chemical shift
The atomic-resolution power of NMR is intrinsically linked to the occurrence of chemical shift. In a NMR spectrum, the magnitude or intensity of the resonance is displayed along a single frequency axis (in the case of 1D NMR) or several axes (for multidimensional NMR). Chemical shift is usually expressed not in Hz but in ppm relative to a standard: € δ( ppm) = 10 6 ⋅ ν − ν 0 ν 0 [1] where ν is the signal frequency in Hz and ν 0 that of a reference compound. Thus, chemical shifts in ppm can be compared between data sets recorded at different field strength. Several calibration standards are available: tetramethylsilane (TMS) is used in organic solvents but ! due to its poor solubility in water, it is replaced by 2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS) for protein NMR (IUPAC recommendation). However, to avoid any additional compound that might interfere with the protein, most spectroscopists use, as a calibration intermediate, the water line although its position is temperature-and pH-dependent.
Measuring chemical shift value is the most amenable task of NMR spectroscopy. The below 118 ppm. This clearly shows that a signal cannot be assigned on the basis of the covalent structure of the protein.
As the number of assigned proteins is increasing, greater insights have been gained into the contribution to chemical shift of torsion angles, aromatic rings (cf. Fig. 3 ), solvent accessibility, temperature, pH and ionic strength. Several databases are available over the internet as chemical shift repositories: the largest one is the BioMagResBank (http://www.bmrb.wisc.edu) which contains 7800 entries (as of 2012). Smaller curated databases, where the data found in the BioMagResBank have been selected and corrected, have also been generated such as TALOS or TALOS+ (14) for more specific purposes.
!
For each type of amino-acid, chemical shifts can be interpreted in terms of secondary structure by subtracting reference values for random coil structures. Data obtained in the 70's on 1 H shifts on small peptides Gly-Gly-Xaa-Ala (15) have been recently supplemented by 13 C and 15 N data in various aqueous and organic solvent conditions (16) and are available at the BioMagResBank. These random coil values can be further improved by integrating nearestneighbour effects.
Beside random coil values, reference values for α-helices and β-sheet (17) have been assembled from NMR data for each residue type in experimentally observed secondary structure. For the 15 N shift in Ala, a reference value of 121.4 is found in α-helices, 124.5 in β-sheet and 123.6 in random coils. As far as carbons are concerned, the Cα and CO move to higher chemical shifts in α-helices and to lower shifts in β-strands but the trend is reversed
for the Cβ resonances. This observation is the basis of the Chemical Shift Index (CSI) (1819), a method that uses chemical shifts to identify the type and location of protein secondary structures along a protein chain. As compared to circular dichroism (CD) spectra that are used to determine the global protein secondary structure content, the CSI method provides information at the residue level. Without resource to nOe measurements (see below) and structure computation, the secondary structure of proteins can be obtained from chemical shifts.
Along the same lines, the chemical shifts can also be used to directly derive torsion angles. The backbone conformation is defined by two dihedral angles (φ and ψ) for each amino-acid as well as several angles for the side-chain (χ 1 , χ 2 …). TALOS uses a database of protein sequences, chemical shifts and dihedral angles to predict backbone dihedral angles, but fails to make any prediction only for roughly 30% of the residues. The success of the TALOS (20) methods (and its improved version TALOS+) is clearly illustrated by the high number of citations of the original paper (> 2000 citations).
Ongoing research is currently aimed at computing protein structures using only chemical shift information: the goal of this strategy, which can immediatly follow the resonance assignment, is to evade the lengthy process of nOe assignment (see below). This approach makes use of the Rosetta algorithm for de novo protein modeling. This algorithm builds a large number of models for the protein on the basis of fragments from the PDB database that share some sequence similarity: only the models that are compact and energetically favorable are retained. In the CS-Rosetta approach (21), backbone chemical shifts are used to select suitable fragments: with this additional information, the convergence of this Monte-Carlo algorithm requires a smaller number of models and thus smaller amounts of computing time, at least for proteins of relatively simple topology.

Scalar coupling
Scalar coupling (or J-coupling) is a through-bond interaction between two nuclei (A and X) with a non-zero spin. It is an indirect interaction between the two spins which is mediated by the electrons: one spin perturbs the spins of the shared electrons which in turn will perturb the second spin. Only the isotropic part of the anisotropic interaction is detected in liquid-state NMR. Reported in Hz, it is field-independent and causes NMR signals to be split in multiple peaks: if two spins ½ are scalar coupled, the spectrum of each will be a doublet (see Fig. 4 ) and the separation between the two lines is the coupling constant J AX . The presence of two lines can be understood as two distinct populations of spin A: the spins A, which have a neighbor X in the "up" spin state (↑) (i.e. aligned along the magnetic field +z), will resonate at δ + ½J AX while the spins A, which have a neighbor X is in the "down" spin state (↓), resonate at δ -½J AX .
The indirect interaction may either increase or decrease the resonance frequency: the absolute sign of a J-coupling cannot be experimentally determined by NMR, but only the relative sign of two couplings sharing a common nucleus. Scalar couplings are denoted as n J AX , where A and X are the interacting nuclei and n the number of covalent interceding bonds. One-bond coupling ( 1 J) are an order of magnitude larger than two-and three-bond couplings ( 2 J, 3 J), which in turn are larger than long-range coupling such as 4 J and 5 J (22) .
Typical values for couplings observable in proteins are reported in Table 1 . angle but the difficulty lies in the interpretation of the simultaneous dependences on more than a single torsion angle (25) . By far, the most valuable structural information is derived from three-bond mediated vicinal couplings ( 3 J): in the early 60's Martin Karplus (26) established a relationship between the dihedral (torsion) angle (Φ) between protons (H-C-C-H) and vicinal coupling 3 J. The general form of the Karplus relationship is: 3 J HH coupling is linked to the other backbone angle ψ, which can be obtained in a 15 N labelled peptide using the much smaller 3 J H α N .
The β-methylene moiety found in most amino-acids is a prochiral center, i.e. it could become a chiral center by replacing one of the two protons by another group (a deuterium for instance). As a result, the pro-R and the pro-S protons have different chemical shifts. Their stereospecific assignment is achieved by combining several vicinal coupling constants
..) and several distance measurements based on nOe information (see below). Similarly, the two CH 3 in Leu and Val isopropyl groups need to be stereospecifically assigned. It has been shown that the availability of stereospectific assignment for these prochiral centers improves the accuracy and the precision of the derived NMR structures (27) .
How could a scalar coupling be evidenced in a NMR spectrum? In crowded spectral regions a doublet could be mistaken for two independent resonances. Decoupling methods have been used since the early days of NMR spectroscopy and are illustrated in Fig. 4 . In this figure, the spin '1' exhibits a doublet as a result of a scalar coupling with spin '4'. If one continuously irradiates spin '4' while recording the spectrum (this is called "decoupling"), the 
Nuclear Overhauser effect
The second kind of anisotropic spin interaction is the dipolar coupling. Though much larger than the scalar coupling (D NH > 22 kHz), it is not directly visible in liquid-state NMR spectra. All we have to keep in mind at this stage is the fact that the dipolar interaction between A and X depends on the internuclear distance (r AX ) and on the orientation of the vector with respect to the magnetic field. The nuclear Overhauser effect (nOe) (4) was introduced in the historical section as the intensity variation of a metal ion spectrum when their electrons were irradiated. In peptides or proteins, nOe refers to intensity alteration of a spin resonance when other nuclei are irradiated (30) . An example is given in Fig. 4 : in the lower spectrum, the resonance of spin 'c'
is saturated leading to an increase of the amplitude of spin 'a' as compared with the reference spectrum. This effect, also called cross-relaxation, is the evidence of a dipolar interaction between spins 'a' and 'c'. Note that in contrast with the J-decoupling experiment, the ! multiplicity of 'a' is not altered. As electrons are not mediating the interaction as for Jcoupling, nOe is a short range through-space interaction (there is an 1/r AX 6 dependence on distance). This property is pivotal for the application of NMR to structural biology (31):
interstrand nOe can be detected in β-sheets, providing not only the nature of the β-sheet (parallel or antiparallel) but also the register of the strands.
The nOe dependence upon dynamics is depicted in Fig. 5 (see caption for details). In a protein with non uniform flexibility, nOe can only be qualitatively converted into distances.
Another annoyance is the phenomenon known as spin diffusion, i.e. the spreading of the nOe along a chain of nuclei. In fact, the magnetization can move to another nucleus by crossrelaxation with a much faster and efficient rate than it decays by auto-relaxation. An analogy in thermodynamics is the heat transfer from an object to a chain of neighbors which occurs much faster than the thermal dissipation. After numerous studies in the 80's to investigate the pitfalls in the conversion of nOe into distances, the following strategies has been established:
the identification of a large number of qualitative nOes should be preferred to a small set of accurate distance. are identified in a single experiment: however, the spin diffusion issue mentioned earlier remains a severe penalty for deriving accurate distances from NOESY spectra (33) .
Residual dipolar coupling.
In the previous section, we have reported that, in solution, the dipolar coupling is generally averaged to zero by isotropic motion (see Fig. 6a ) and can only be indirectly detected through relaxation effects. In 1995, Tolman et al (34) showed that some small residual dipolar coupling could be observed in cyanometmyoglobin because of the presence of a paramagnetic ion in this protein. What kind of structural information is provided by the RDC? For ease of understanding, we first assume that we know the preferential orientation of the protein in the alignment media. This orientation (or alignment tensor in a mathematical formalism) can be visualized as an ellipsoid ( Fig. 6c ) mapped on the molecular frame ( 
This equation can be simplified when the tensor or the ellipsoid is axially symmetric (A xx =A yy ) as:
Although the two above equations seem at first glance complex, the main merit of RDC measurements can be understood from Despite the richness of information contained in RDC, several bottlenecks should be mentioned for their measurement and interpretation. Finding suitable alignment media for a given protein may require numerous attempts. Most new media have been first described on test proteins such as ubiquitin, known to be highly well-behaved and stable over long periods of time. The accurate measurement of numerous RDC is a time-consuming task requiring spectrometer time and manual interpretation. The alignment tensor has to be deduced and oriented with respect to the protein using global fitting of all measured RDC in one media:
once this orientation is known, a large number of potential solutions for the orientation of each inter-dipolar vector correspond to each measured RDC value. The orientational degeneracy continuum for a single RDC can be lifted by measuring multiple couplings and by using several media leading to differing alignment properties (40) .
Two-dimensional NMR and beyond
The wealth of information that can be obtained by NMR relies on multi-dimensional NMR. Any structural investigation starts with the recording of a standard one-dimensional NMR spectrum. This spectrum bears resemblance with spectra obtained with any optical spectroscopy (Infrared, visible, UV): absorption is plotted as function of a frequency or wavelength. For each nucleus, the NMR spectrum displays a signal at a given resonance frequency.
We have described earlier that the absolute frequency scale is more conveniently replaced by a scale in ppm to permit comparison between spectra recorded at different fields. In practice, the 1D NMR spectrum is not recorded by sweeping through the entire frequency spectrum:
spins are collectively excited by a strong radiofrequency (r.f.) pulse and the resulting signal is then sampled. Its Fourier transform leads to the standard spectrum, i.e. absorption vs
frequency. An enormous gain in sensitivity is afforded by this method.
In the early 70's, two-dimensional NMR (9,32) was introduced following a visionary lecture by Jean Jeener: it has been widely used since to correlate the resonance frequencies of several nuclei. In contrast to optical spectroscopy, the information content of a NMR frequency is rather low while a correlation experiment mediated by an interaction (J-coupling or nOe) provides the nature of the partners as well as the interaction strength.
! A two-dimensional NMR experiment can be sketched as:
During the preparation, the spins are allowed to recover from the previous experiment, they evolve then during a variable evolution delay (t 1 ). The key step in a 2D experiment is the mixing, which allows the magnetizations (or the coherences in NMR jargon) to exchange (A ⇄ B) through any interaction (J-coupling or nOe). Finally, the signal is sampled during the detection period (t 2 ). Although two frequency labeling periods are present, the signal is indirectly detected during t 1 , owning to the "memory" of the spins. As a matter of fact, as long as the delays are not longer than the corresponding relaxation times, the spins remember their previous evolution: the signal detected at the very end of the pulse sequence (during t 2 ) is modulated either in amplitude or in phase as function of t 1 . The resulting data set will be a (n × m) matrix of points, corresponding to n time increments along t 1 and m increments along t 2 . After applying a 2D Fourier transform to the time domain data, a two-dimensional NMR spectrum is obtained. The modular design of 2D NMR can be easily extended to 3D and even 4D NMR. A 3D NMR experiment is described as:
The resulting spectrum is a three-dimensional spectrum, with 3 frequency axes (F 1 , F 2 , and F 3 ), which correlates three different nuclei (11) . A 3D pulse sequence can be envisioned as a chemical synthesis with 2 steps (the mixing building blocks): the nature of the reactants, intermediate and final products is identified during the periods t 1 , t 2 and t 3 respectively. As for chemical reactions, the overall sensitivity of a 3D NMR relies on the efficiency of the individual transfers and the most sensitive experiments uses exclusively large 1 J couplings (cf. Table 1 ). This observation has led to the design of the triple resonance experiments that will be discussed in the next section.
NMR resonance assignment.
NMR resonance assignment is a prerequisite for studies where one aims at deriving information at the atomic level. Although changes in the spectrum can be monitored even without assignment, the wealth of information is greatly enhanced for assigned signals. We mentioned earlier the unique value of NMR, i.e. distinct signals can be resolved even for chemically identical groups which are located in different environments in a protein.
Consequently, for well-resolved spectra (narrow lines and optimal digital resolution), one expects to discern one signal for each active spin ( 1 H, 13 C or 15 N). Before any data can be obtained from spectral parameters, the resonances should be assigned, i.e. a one-to-one correspondence between a nucleus in the molecule and a resonance in the spectrum should be established.
Biologists, who intend to collaborate with an NMR spectroscopist, frequently raise the following question: the structure of a homologous protein has been resolved by X-ray crystallography, does this ease the resonance assignment of my protein? The answer is unfortunately negative. Numerous effects control the NMR chemical shifts and thus, even for a protein with a known structure, it is nearly impossible to predict them. In other terms, the only way to assign resonances is experimental by means of suitable correlation experiments.
For lack of being able to directly link a resonance to a nucleus, one will attempt to connect each signal with another, with the ultimate goal of revealing a resonance network with the same topology as the spin network. Accidental resonance overlaps make assignment more challenging: signal discrimination is limited by the spectral resolution (i.e. the linewidth of each signal) and the digital resolution (i.e. the number of experimental points per Hz). The ! process of NMR resonance assignment can be best understood using the jigsaw puzzle analogy illustrated in Fig. 8 . In a puzzle, one aims at finding the position of each piece with respect to its neighbors while in resonance assignment one wants to correlate the resonance of a spin with those of the adjacent nuclei. Both procedures capitalize on the linear co-polymer nature of proteins by correlating resonances belonging to residue (i) and (i+1). The former uses the J-coupling and the nOe, while the later relies exclusively on the J-coupling. When the protein spectrum get assigned, the 3D fold of the protein is not yet known and distance based correlation experiments are more problematic than correlations via J-coupling, i.e. along the covalent structure. This is one of the rationales why larger molecules are nowadays assigned exclusively using 3D triple resonance NMR.
For the 1 H-1 H approach (cf. Fig. 9 ), two types of experiments will be employed: an intra-residue correlation (COSY (9) or TOCSY (41) based on J-couplings (see above) and an inter-residue correlation (NOESY (42)) using nOes. The NOESY experiment is a makeshift in the absence of J HH -coupling through the peptidic linkage. As a result of the protein fold, two protons can be close in space without belonging to adjacent residue; thus, NOESY experiments are optimized to detect only short distances at the expenses of the sensitivity. The homonuclear strategy has been successful on a number of small well-behaved proteins (less than 80-100 residues). As the molecular weight of the protein increases, its adequacy weakens on two grounds: (i) the linewidth increases strongly degrading the efficiency of the J-based correlation and (ii) accidental overlaps generate ambiguities in the puzzle. The resonance set depicted in red in Fig. 9 illustrates how partial overlap makes the assignment more intricate.
When several puzzle pieces (cf. Fig. 8b ) have similar shapes, their match with other pieces has to be examined more carefully to avoid incorrect matches if two pieces would be forced together.
Why has the heteronuclear 3D strategy emerged in the early 90's? Using a 15 N-13 C labelled protein gives the opportunity of conceiving correlation experiments exclusively based on J-coupling and some of the heteronuclear couplings are substantially larger than J HH (cf. Switching from 2D to 3D NMR also permits one to cope with heavier proteins because accidental resonance overlaps are less frequent.
Triple resonance experiments establish connectivities between adjacent residues using 1 J and 2 J couplings: experiments are always used in pairs (HNCO and HN(CA)CO, HNCA ! and HN(CO)CA...) to connect residue (i) with residue (i+1). The acronyms used refer to the correlated nuclei and a nucleus denoted with parentheses is used as a relay but not identified (see (47, 48) for a review). Fig. 9 features the combined use of HN(CO)CA and HNCA (49) experiments. In the optimal case, one can thus track the entire polypeptide chain (with the exception of Pro), but supplementary evidence from other experiment pairs is required in practice for heavy peak overlaps. The intrinsic sensitivity of these triple resonance experiments depends upon the nature of the correlated spins (and the coherence pathways between them) and also on the resonance line-width. Thus, it is always difficult to anticipate how laborious a resonance assignment will be: molecular aggregation or internal flexibility will broaden locally the resonances and lead to missing or weak correlation peaks.
With this set of triple resonance experiments (48), the backbone resonance (usually up to the Cβ) can be assigned. Extending the assignment to the entire side-chain is a more Using CSP, Das et al (55) have studied an antitermination complex involved in prokaryotic transcription regulation: while protein NusB is able to bind individually to a RNA fragment, its affinity is increased by the presence of another factor NusE. The CSP method allowed the authors to investigate not only binary complexes (NusB bound to NusE) but also ternary complexes (NusB / NusE / boxA RNA). Without having to solve the complete 3D structure of this large complex, they were able to identify a loop in NusB that is affected by the other factor NusE in the ternary complex but not in the binary complex. Note that CSP
can also be applied to interactions involving intrinsically disordered proteins (56), which are not likely to co-crystallize due to their flexibility.
Paramagnetic probes are unique tools for studying macromolecular complexes because of their capability to provide long-range structural restraints (as far as 30 Å, a value to be compared to the 5-7 Å range of nOe). Paramagnetic tags (nitroxide radicals, Mn 2+ chelates or lanthanides) are introduced site-specifically in one of the partner (cf. Fig. 10c ). Two effects can be monitored on the NMR spectrum of the other protein: paramagnetic relaxation enhancements (PRE) are detected as resonance line-broadening while pseudocontact shifts (PCS) alter the resonance frequency. The PRE effects are predominantly due to two additional relaxation mechanisms (electron-nucleus dipolar or Curie-spin relaxation), which ! share the same dependence upon the distance from the paramagnetic center (1/r 6 ). The paramagnetic species should be chosen with care to induce moderate broadening without washing out too many signals. Some nuclei such as Gd 3+ give large PRE but also no shifts, while others combine the two influences (57) . Most lanthanides are introduced using tags covalently bound to a thiol group in the protein, which should engineered by site-directed mutagenesis to contain a single Cys residue. The sketch in Fig. 10c where PrgI interacts with SipD and correlated these results with invasion assays on mutants.
Short distances are detected by means of nOe inside proteins and this is also applicable to protein complexes. The separate expression and purification of the interaction partner offer the unique opportunity of using isotope labeling to discriminate between intraand inter-molecular contacts (one protein is 13 C-labelled in Fig. 10d ). 
Macromolecular structure by NMR spectroscopy
Over the last decades, NMR has emerged as a technique able to provide structural information on biological molecules and has thus been frequently compared with X-ray crystallography. Let us briefly summarize how a structure is obtained by crystallography: the beam of X-rays strikes the protein crystal producing scattered beams. The measured diffraction pattern is converted into an electron-density map, provided that the phase problem has been solved. The atomic model of the protein is obtained by fitting the protein into this electron-density map. The two bottlenecks of X-ray crystallography are the growth of suitable crystals and the resolution of the phase problem by various means such as molecular replacement or heavy atom methods. The electron-density map is an image of the protein which could be locally blurred as a result of local disorder. In contrast, it is important to remember that the NMR derived 3D representation of the protein is not an image of the real structure (as for X-ray) but a model of that structure that is compatible with the experimental data. In addition, the positional uncertainty in the molecular coordinates is given by the precision and the accuracy of the model, two concepts that are clearly differentiated (62) . To clarify these issues, we will start with an overview of the process of protein structure determination by NMR.
With the resonance assignments in hand, one can move to the next step, the structural ! NMR based-structure, it is important to keep in mind the two bottlenecks: some distance restraints may be either hidden due to overlaps or misinterpreted by the spectroscopist.
In the early days of NMR, the quantification of the nOe cross-peaks and their conversion into distances was extensively debated: could multi-spin effects (or spin-diffusion) strongly corrupt the evaluation of distance restraints (63) . It is now recognized that a qualitative assessment of distances is sufficient: strong cross-peaks are interpreted as a short distance (d < 3.5 Å) and weak peaks as longer distance (d < 5-6 Å). In terms of precision and accuracy of resulting structure, it is advisable to invest more effort in a large set of qualitative distances than in a smaller set of precise distances. The occurrence of a nOe cross-peak is interpreted as an upper bound restraint (d < 5-6 Å) but its absence is seldom included as an lower bound restraint (d > 7 Å): a peak might not be visible for many reasons such as overlap or broadening due to conformational flexibility. As a result, only attractive experimental distance restraints that promote a compact folded structure are included.
This complicated and repetitive procedure, which involves a substantial book-keeping effort, has been recently automated. The resonance assignments are used to generate tentative assignments for nOe peaks in a computer program that converts them into distances and generates a first bundle of structures. The software uses this first set to discard tentative assignments that are conflicting with the majority of these structures and to extend the resonance assignment list. A new set of structures is then computed and the cycle is repeated.
This strategy is implemented in several packages: ARIA2 (64), CYANA (65), UNIO (ATNOS/CANDID) (66)... The challenge for such software is to be able to cope with three issues: (i) incomplete or incorrect resonance assignment (primarily for side-chains), (ii) incorrect peak-picking and (iii) nOe cross-peaks that cannot be yet assigned unambiguously (67, 68) . Automated procedures perform well if the chemical shifts (including side-chains) have been assigned above 90% completeness. Although their reliability in identifying peaks is lower than a spectroscopist who visually inspects the spectra, these algorithms easily compensate by the information redundancy.
To compute a 3D structure from NMR restraints, most software use a similar strategy, namely restrained molecular dynamics (rMD) simulation or simulated annealing. The qualifying term "restrained" indicates that the simplified force field based on the protein covalent structure (van des Waals interaction and peptide plane planarity) is complemented by a pseudo force field combining all NMR-derived conformational restraints. The conformational landscape of a protein contains numerous local minima, in which optimization algorithms could be trapped. Annealing (heating and controlled cooling) is used in metallurgy to relieve internal stresses and defects in metals and optimize their mechanical properties. To overcome energy barriers and converge towards a global minimum, the rMD simulation is first carried out at higher temperature (the atoms have high kinetic energy) and with a ! simplified force field to speed up the calculation. The process is repeated from several random initial structures to sample more extensively the conformational landscape. There are fundamental differences between standard MD simulations and rMD simulations in the context of NMR: due to the experimental restraints, the trajectory bears no resemblance to a 'real-life' simulation and is only used as a tool to compute a physically meaningful structure that satisfies the experimental data. At the end of the protocol, the molecule is cooled down, a MD simulation with a complete force field (Lennard-Jones and electrostatic interactions) in a box filled with explicit water molecules is performed.
The computed structures can be envisioned as models that represent our experimental data. It is then necessary to define the quality of the proposed structures: as the true structure is not known, evaluating the accuracy is not realizable. How well the models agree with the NMR restraints can be assessed more easily as well as its conformity to standard features (bond length, bond angle). Along with the bundle of structures deposited in the protein data bank (see Fig. 11 ), the authors will provide NMR and structure statistics (44): the number of distance and dihedral constraints, the violation of these constraints in terms of mean and standard deviation, the deviation from idealized geometry (bond length and angles) and pairwise rmsd for the heavy atoms and the backbone. Recently a suite of programs, CING (69) , was presented to validate the structural NMR ensembles at the residue level: it reports potential issues and directs the attention of the spectroscopist to specific residues that deserves extensive manual verification.
The NMR rmsd can be compared with the B-factors reported for X-ray structures, which give an estimate of anisotropic displacement of each atom about its mean position.
However, in contrast with B-factors, rmsd are only a measure for the precision of the data. It has been reported (70) residues connect the domains but no fixed orientation between them is derived from the NMR data (due to lack of any nOe between the linker and either of the domains). In such a case, NMR is able to derive the structure of each of the domains with high precision (rmsd < 0.25 ! Å on the backbone) while it is likely that false interdomain contacts would have been detected by X-ray crystallography (due to crystal packing) if some crystals could have been produced.
Protein dynamics by NMR
The biological function of a protein is intricately linked to its structure but also to its 
!
The broadening due to µs-ms molecular motion can be exploited in the CPMG relaxation dispersion experiment. By applying a variable number of 180º refocusing pulses, the dephasing due to the A to B magnetization jumps can be suppressed: the transverse relaxation rate R 2 obs (which is the inverse of the line-width) decreases with more 180º pulses. 
NMR of intrinsically disordered proteins
For many years NMR has followed the footsteps of X-ray crystallography and focused on globular proteins composed on regular secondary structure elements. The aim of a protein NMR study was the 3D structure determination and disordered regions (linkers, loops or sequence termini) were overlooked. From eukaryotic genome sequencing, it has been established that more than 30% of the proteins are comprised of disordered regions of more that 50 residues, while carrying out important biological functions (82). The amino-acid composition of intrinsically disordered proteins (IDP) is makedly different from globular counterparts with an increased content of Ala, Arg, Gly, Gln, Ser, Glu, and Lys and Pro.
Because of their intrinsic disorder, IDPs cannot be crystallized and thus NMR (83) and smallangle X-ray scattering (SAXS) have contributed most to their studies.
The resonance assignment of IDP NMR spectra follows the same rules as for globular proteins but with two major differences acting in opposite directions: IDPs exhibit a comparatively restricted HN chemical shift dispersion but a more favorable line-width because of the flexibility of the polypeptide chain. Triple resonance experiments can thus be tailored for IDPs in two ways: a better digital resolution can be achieved by sampling all directions for longer time (non-uniform sampling (84) ) and the resonance can be spread in additional dimensions in experiments with higher dimensionality (85) . This strategy has been successfully applied to a challenging molecule, the 441-residue Tau protein: using 5D to 7D correlation experiments, this disordered protein involved in Alzheimer disease has been automatically assigned (85) .
Once the resonances have been assigned, it becomes possible to measure NMR parameters, keeping in mind that they are both ensemble-and time-averaged. Chemical shifts, residual dipolar coupling, nOe and PRE provide access to information at atomic resolution. Although thought as globally disordered, IDPs deviate locally and globally from the "random coil" state and exhibit local structural propensity as well as transient long-range
contacts. An NMR investigation aims at identifying these deviations from a random state, either for the free protein or upon interaction with other cellular components.
For globular proteins, we have seen that chemical shifts (in particular 13 C shifts) report on the local physico-chemical environment: the covalent structure, the type of amino-acid, and finally on the secondary structure elements. These latter elements are typically transient, confined to short fragments (5-10 residues) and sparsely populated. To reliably interpret these small secondary shifts, it is necessary to used improved references for random coil values ! (nearest neighbor contribution (86)), to look at shifts from several nuclei and to combine them. The local structural propensity could also be characterized using J-couplings or short range nOes, but this approach has not been much pursued owing to the complexity of the averaging processes. In contrast, residual dipolar couplings (RDC) are more promising tools as they sample an angular dependence with respect to a common frame of reference. Let us consider the RDC associated with a 1 H-15 N pair: due to the orientation of the NH vector, this coupling will change sign in a transient helical element as compared to an unfolded chain (87) .
In crystallography is steadily increasing while the NMR-based ones have hit a plateau. In the inset, the data for the early years of crystallography are displayed with an extended vertical scale for clarity. For the former method, the crystallization step remains a major bottleneck but once suitable diffraction data are available, the structure can be obtained rather quickly.
NMR is primarily hampered by the limitation in protein size that can be studied: despite that resonance assignment and nOe interpretation have been automated, it still requires more human input during these processes. Once the complete puzzle is solved (panel (e)), it becomes evident that the piece that was not chosen in panel (c) fits somewhere else. The time required to complete a jigsaw puzzle depends upon 3 factors: the number of pieces, their dissimilitude and the looseness of the match. Similarly, an NMR assignment will be more difficult for a larger protein with moderate chemical shift dispersion if the spectra exhibit poor spectral and digital resolution. note that nOe is a through-space effect and that nuclei close in space but not belonging to an adjacent residue may lead to fallacious correlations. This issue is resolved in the 3D triple 
